The clathrin-coated pit is the major port of entry for ferrin (B-SS-Tfn) [11] . This system for the reconstitution of new coated-pit formation allows us to manipulate the many receptors and pathogens and is the paradigm for membrane-based sorting events in higher cells phosphorylation state of the AP2 complex and measure the consequences in a functional assay. It has previously As shown in Figure 1b , AP2 which had been pretreated with FSBA could no longer support transferrin sequestra- in transferrin sequestration into newly formed coated pits in vitro.
in transferrin sequestration into newly formed coated pits in vitro.
The phosphorylation site on 2 had previously been iden-
Results and discussion
tified as Thr156 [13] . Because of different patterns of 2 phosphorylation is required for clathrin-coated pit function in vitro phosphorylation, depending on the purity of the AP2 complexes used, we mapped the phosphorylation site on 2 2 has been demonstrated to be phosphorylated in vivo on both serine and threonine residues [10] . The physiological in our preparations of AP2 and confirmed that it was Thr156 (data not shown). We wanted to confirm that the relevance of this phosphorylation, however, has never been established. Using assays for coated-pit assembly, essential role for Thr156 phosphorylation which we had demonstrated in vitro was also true in intact cells. We invagination, and scission in permeabilized A431 cells, we have previously shown that purified AP2 complexes can reasoned therefore that AP2 complexes containing 2 which could not be phosphorylated should act as domistimulate the formation of new coated pits. Furthermore, in the presence of rab5-GDI, these coated pits become nant-negative inhibitors of endocytosis, as has previously been shown for mutant forms of 2 which are defective deeply invaginated and can sequester biotinylated trans- in cargo binding [16] . Using a cDNA encoding 2 which pressed HA2 constructs to substitute for endogenous 2 [16] . Cells transfected with both HA2 wt and HA2
T156A
contains an internal HA epitope (a generous gift from Alexander Sorkin, University of Denver), site-directed appeared to be able to bind fluorescent transferrin when incubated at 0ЊC (data not shown), indicating that the loss mutagenesis was used to convert Thr156 to alanine (HA2
). It has previously been shown that wild-type of Thr156 does not substantially alter trafficking of the transferrin receptor. We analyzed the amount of TMR-HA2 (HA2 wt ) could be effectively incorporated into functional AP2 [16] . To confirm that HA2
T156A could Tf internalized in cells transfected with HA2 wt compared to HA2
. Transfected cells were identified by antialso assemble into AP2 complexes, HeLa cells transfected with either HA2 wt or HA2 T156A were lysed and the AP2 bodies against HA. Figure 3a shows typical examples of transfected cells, with anti-HA immunofluorescence shown complexes immunoprecipitated with AP.6, an antibody that recognizes ␣-adaptin [17] . Western blotting of the imin green and TMR-Tf shown in red. It is clear that the uptake of TMR-Tf is substantially inhibited in cells transmunoprecipitates with anti-2 antibodies showed the presence of two bands at approximately 50 kDa in the transfected with HA2 T156A compared with HA2 wt . Quantitation of the amount of transferrin internalized showed that fected cells compared with one band of 50 kDa in the nontransfected control. Western blotting with anti-HA endocytosis of transferrin was inhibited by greater than 70% in the cells transfected with HA2 T156A (Figure 3b ). antibodies revealed that the upper band in the transfected cells crossreacted with anti-HA antibodies (Figure 2a) .
This demonstrates that phosphorylation of Thr156 of 2 is also required for efficient endocytosis in living cells. This confirmed that the loss of the phosphorylation site did not affect the ability of HA2 T156A to be incorporated into AP2 complexes. Similarly, when cells transfected
The role of 2 phosphorylation in AP2 function has been unclear. Cage assembly appears to be independent of with either HA2 wt or HA2 T156A were analyzed by immunofluorescence using anti-HA and anti-clathrin antibod-2 phosphorylation [12] . The capacity to promote cage formation in vitro, however, is likely to have less stringent ies, there was substantial colocalization of clathrin and HA-tagged 2 (Figure 2b ), indicating that phosphorylarequirements than the ability to form functional coated pits in vivo. The 2 subunit has been demonstrated to tion of Thr156 is not essential for the incorporation of AP2 into coated pits.
interact with tyrosine internalization motifs [18] [19] [20] . Using recombinant 2, it was demonstrated that the interaction of 2 with receptor tails appeared to be independent We next examined whether expression of HA2 T156A affected the internalization of fluorescent transferrin. HeLa of the phosphorylation of 2 [21] . Subsequent studies have indicated, however, that the phosphorylation of both cells were transiently transfected with either HA2 wt or HA2 T165A . The ability of the cells to endocytose rhoda-2 and the 100 kDa ␣ and ␤2 subunits enhance the association of the complete complex of AP2 with internalization minated transferrin (TMR-Tf) was measured 3 days posttransfection, as this allows sufficient time for the exmotifs [22] . This strongly suggests that 2 phosphoryla- The crystal structure of 2 (residues 160-435) complexed to peptides encoding tyrosine-based motifs has been solved [20] . Thr156 is located in part of the molecule which has not yet been solved at the structural level. Given that it can be phosphorylated, this suggests that it might be exposed on the surface of the AP2 complex. Phosphorylation of Thr156 could therefore cause a conformational change in 2 which could modulate either cargo recruitment or interactions with clathrin. Future studies, including identification of the 2 kinase, will further our understanding of the role of Thr156 phosphorylation in clathrin-coated pit function.
Materials and methods

In vitro assays
In vitro assays for avidin inaccessibility and adaptor-dependent sequestration were performed as described previously [5, 27] .
Purification of cytosol and AP2
Cytosol was prepared from bovine brain (obtained from Pel-Freez, Arkansas, USA, and stored frozen at Ϫ80ЊC). Tissue was homogenized using an equal volume of 100 mM potassium acetate, 85 mM sucrose, 1 mM MgCl 2 , and 20 mM HEPES (pH 7.2) (KSHM), using a motor-driven Dounce homogenizer, and after centrifugation at 10,000 rpm in a Beckman JA 25.5 rotor was centrifuged at 100,000 ϫ g for 1 hr. The resulting cytosol was snap frozen and stored in aliquots at Ϫ80ЊC. AP2 was purified as described [28] and dialysed against 10 mM Tris (pH 7.5) before being snap frozen and stored in aliquots at Ϫ80ЊC. Phosphorylated AP2 was prepared by incubating AP2 with 100 M ATP for 1 hr at 30ЊC. AP2 was then dialysed extensively against 10 mM Tris (pH 7.5).
The cDNA construct encoding HA2 in pTRE (Clontech) was a generous gift from Dr. Alexander Sorkin, University of Denver. Site-directed muta-HA2 T156A can assemble into AP2 complexes and clathrin-coated pits. genesis to generate HA2 T156A was carried out using the Stratagene (a) Control cells or those transfected with either HA2 wt or Quik Change Kit according to the manufacturer's instructions. The se-HA2 T156A were lysed and AP2 complexes immunoprecipitated using quence of the mutated protein was verified using an ABI automated AP.6 antibody which recognizes ␣-adaptin. The immunoprecipitates DNA sequencer. were then tested by Western blotting with antibodies to ␣-adaptin (100/2), antibodies to 2, and antibodies to HA (16B12). (b) Cells
FSBA labeling
transfected with either HA2 wt or HA2 T156A were fixed in AP2 was treated with FSBA by incubation with 1 mM FSBA for 15 min paraformaldehyde followed by methanol and processed for at room temperature, followed by dialysis against 10 mM Tris (pH 7.5) immunofluorescence. The upper panels show staining with 16B12 to overnight. detect HA, while the lower panels show staining using both a rabbit anti-clathrin antibody (red) or 16B12 to detect HA (green). Areas of colocalization are indicated by yellow, and examples of colocalization
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are indicated by the arrows.
Tet-off HeLa cells were grown in DMEM containing 10% tetracycline-free fetal calf serum (Clontech), antibiotics, and glutamine. For internalization assays, cells were plated on coverslips in 6-well dishes at a density of 1 ϫ 10 4 cells per cm 2 . Cells were transfected 24 hr later (10 g DNA per coverslip), using calcium phosphate [29] . The cells were incubated tion may be involved in cargo recruitment. Indeed, studies overnight and then washed three times in warm TBS, and fresh media in yeast have indicated that clathrin can function indepenwas added. The internalization assays were carried out 48 hr later. dently of the adaptor complexes, further supporting the hypothesis that the AP complexes might primarily be
To measure the uptake of TMR-Tf, cells were preincubated in seruminvolved in cargo recruitment [23, 24] . Nonetheless, we free media for 20 min and were washed three times in ice-cold PBS containing 0.2% BSA. They were then incubated on ice with TMR-Tf cannot rule out the possibility that 2 phosphorylation (10 g/ml) for 30 min, followed by washing to remove unbound ligand may have a role in coated pit invagination. The interaction and warming at 31ЊC for 3 min. Following chilling, the cells were acid of clathrin and AP2 has been demonstrated to occur washed with 0.2 M acetic acid and 0.5 M NaCl to remove surface ligand through the hinge region of the ␤-adaptin subunit [25] .
[30] and were then fixed in 4% paraformaldehyde, followed by methanol. Following fixation, the cells were permeabilized with 0.1% Triton X-100
Studies using the yeast two-hybrid system have indicated in PBS for 3 min on ice. 16B12 (BABCO, California, USA) was used an interaction between ␤-adaptin and 2 [26] . Perhaps T156A (lower panel). After washing, the cells were warmed for 3 min at 31ЊC and the cells processed for immunofluorescence. The presence of HA was detected using monoclonal antibody 16B12, followed by FITC-conjugated donkey anti-mouse antibodies (green). The right-hand panels are the same images as the left but show only TMR-Tf fluorescence. The images represent maximum intensity projections of fluorescence at 528 and 617 nm, which were generated from deconvolved threedimensional data sets obtained using a DeltaVision Restoration microscope using DeltaVision softWoRx software. tories. Following incubations with antibodies, coverslips were mounted
